UDPG + acceptor (G)n -> UDP + starch (G)n+1. I Many workers have accepted this view (23, 27) and in contrast, have relegated the role of phosphorylase to the breakdown of polysaccharides (8, 36) .
In some plants, including rice, sucrose is synthesized in the leaves and stems, and is translocated to the grains where it eventually is transformed into starch (12, 25, 26, 35) . In assigning starch synthetase to its role in starch synthesis, the connection between this enzymic mechanism and sucrose metabolism should be recognized. Enzymic evidence pertaining to sucrose-starch interconversion has not been reported, but since sucrose synthesis is catalysed by sucrose synthetase (6, 22) , the possible existence of a link between the 2 reactions involving UDPG is worth exploration. The present investigation is primarily concerned with the study of starch synthetase in ripening rice grains, and secondly, with experiments on sucrose synthetase as a possible clue to the mechanisms of sucrose-starch interconversion.
Materials and Methods
Growing and Sampling of Rice Plants. Peta, an 1 Received July 8, 1963 . 2 [10] [11] [12] [13] [14] [15] days after pollination) were chosen.
Sugar Analyses. A certain amount of fresh whole rice grains including seedcoat was first heated at 900 for 30 minutes, then dried at 600 for 4 hours and the dry weight determined. The dried grains were ground with a Wiley mill (40 mesh). Usually, a 3-g sample of the powdered grain was continually extracted with 95% ethanol, and the residual matter (starch) was hydrolyzed with 2% HCl for glucose analysis. The ethanol extract was concentrated in a flash evaporator, treated with lead acetate, and finally deionized with a small amount of Amberlite IR-120 and IR-4B ion-exchange resins. It was then made up to a 20-ml volume, and aliquots were analyzed for the total sugar content (9) and for reducing sugars (33) . The amount of nonreducing sugar was calculated from the difference of the above 2 values. For further column chromatographic analyses of sugar components, the method of Mori and Nakamura (18) was employed.
Enzymic Studies Starch Synthetase. This enzyme was prepared using 15 g of the immature rice grains (14 (30, 33) .
.Oxidativ' P/iosph orliation. The particulate fraction was prepared fromii 50 g of rice grains, using the methodl for obtaining mitochondria from sweet potato roots (4 (30) was used for analyses of the fractions containing fructose-6-P.
Reagents. The following reagents were purchased from the California Corporation for Biochemical Research: UTP, UDP, UDPG, glucose-1-P, glucose-6-P, phosphoenolpyruvic acid, a-ketoglutaric acid, pyruvic phosphokinase, thiamine pyrophosphate, and sucrose-C'4. ATP was purchased from Nutritional Biochemical Corporation. UDP-glucose-C14 and hexokinase were gifts of Dr. Elizabeth F. Neufeld of the University of California, and Sigma Chemical Company, respectively.
Results
Carbohydrate Analysis. Figure 1 illustrates the changes in starch and sugar contents of the grain during ripening. A sharp increase of both reducing and nonreducing sugars occurred immediately after the onset of flowering, reaching a maximum at about 9 days. Thereafter, a steady decrease occurred toward the full maturation period of the seeds. Starch synthesis at first increased in parallel with the lowmolecular weight sugars, continued steadily even after the decline of the latter, and the accumulation reached a maximum level at about 30 days. Sucrose was the main component of the nonreducing sugars, while glucose and fructose were the main reducing sugars, as borne out by chromatography data from ion-exchange columns (fig 2) . The changes in the 3 sugars during ripening follow the patterns obtained from those of the nonreducing and reducing sugars in figure 1. In fact, the amount of the disaccharide and monosaccharides agree closely with the total amounts of nonreducing and reducing sugars respectively. Hence, no significant amounts of other sugars appeared to be present in the grain.
Starch Synthetase. The average starch synthetase activity of the starch granules, expressed as mp moles of UDP formed/mg enzyme hr, was 10 for Peta and 5 for Chianung 242. A roughly proportional increase in starch synthesis resulted from increasing amounts of starch granules (fig 3) . Heating of the starch granules in the dry state at 100°for 10 minutes did not cause much enzyme inactivation. When the granules were heated in glycine buffer for the same length of time, a complete loss of activity resulted.
Nearly all of the glucose portion of the UDPG molecule is transferred to the starch acceptor molecules (fig 4) . The apparent equilibrium constant K'eq = (UDP)/(UDPG) was calculated to be more than 10. Thus, the reaction favors polysaccharide synthesis.
Iodoacetamide caused about 70% inhibition of the starch enzyme under the stated conditions ( fig 3) were added to the standard reaction mixture containing 0.24 umole of UDPG. Arrow indicates the maximum level of the reaction.
To determine whether glucose was incorporated into both amylose and amylopectin after incubation with UDP-glucose-C14, the starch granules were fractionated into these 2 components following the method of Leloir et al. (14) , and the radioactivity was determined in each fraction. Both amylose and amylopectin incorporated glucose-C14 after 2 to 10 hours incubation, and the specific radioactivity in the amylose fraction was consistently higher than that in the amylopectin fraction ( Sucrose Synthetase and Sucrose-starch Interconversion. A constant supply of UDPG must somehow be provided for the starch synthesis to proceed via starch synthetase. As a first step towards solving this problem, and considering the large amounts of sucrose present in ripening rice seeds (fig 1,2 Another possibility for the synthesis of UDPG may be by the UDPG pyrophosphorylase reaction (24, 34) , and the coupling of this system with UDP phosphokinase to get the over-all reaction III. UDP + ATP + glucose-i-P :± UDPG + ADP + PPi. (fig 5A, 5B) . Omission of either one of the reaction components resulted in little sucrose formation. Nakamura (22) ma(le similar observations, using partially purifiecl sucrose synthesizing enzyme from beans.
Hexokinase and Oxidative Phiosph orylation. To determine the fate of free glucose and fructose, the phosphorylation of these sugars was examined. Of the various preparations, the (NH4)2SO4 precipitable fraction at 0.5 to 0.6 saturation (fraction D) exhibited a strong hexokinase activity to both sugars (table V). The ratios of the activities of the 2 sugars (fructose/glucose) were somewhat consistent in subsequent purification steps, but it is not certain whether there is a fructose-specific kinase in rice grains. Fructokinase was isolated from peas (17) .
The energy required for the hexokinase reaction may possibly be generated from the particulate components (mitochondria) of the grain cells through oxidative phosphorylation. The particulate fraction isolated from rice grain was tested for the presence of the latter system, and P/O ratios of 0.85 an(d 1.32 were observed in 2 separate experiments. However, both oxidative and phosphorylative activities obtaine(I were rather weak, as compared to other plant mitochondria.
It was of interest to verify the enzymic transformation of fructose to glucose-i-P, which may establish the over-all process of sucrose-starch conversion as reaction IV, because the fructose moiety of reaction II will eventually be converted to UDPG by reaction III. Sucrose + 2 ATP + 2 acceptor (G)n 2 starch (G),,+ + 2 ADP + PPi. IV Froml-our basic knowledge of the carbohydrate metabolism, it is highly predictable that the glycolytic pathway exists in rice seeds, and in fact, Dowex-1 ion-exchange column chromatographic separation of the reaction products of the fructose-C14 phosphorylation system described above showed the formation of fructose-6-P, glucose-6-P, and glucose-i-P. Similarly, formation of such hexose phosphates was substantiated by incubating sucrose-C14 in the presence of UDP and ATP, supporting the presumption of the presence of glycolytic enzymes tranisforming the fructose moiety dlerived froml sucrose to glucose-i-P. 
Discussion
The net content of starch per grain is muclh lhigherthan that of sucrose and the other 2 hexoses (fig 1, 2) . This over-all trend indicates sucrose utilization and its accumulation in grains during the enzymic transformation to starch. Assuming sucrose to be a direct precursor in starch formation, a possible enzymic mechanism governing the over-all interconversion would be reaction II. This enzymic linking was proposed by De Fekete et al. (8) , and our experimental results ( over-all reaction mechanism of sucrose-starch conversion will be reaction IV and may be diagrammatically illustrated as figure 6 . The validity of this view requires more study. For example, Recondo and Leloir (29) and Frydman (11) found that ADPG is much more active than UDPG as a glucose donor of starch synthetase, while UDPG is the dominant substrate for the sucrose synthesis (7). We have also isolated ADPG from ripening rice grains independently and its more efficient utilization in starch formation was confirmed (20) . The inefficient utilization of sucrose-C14 in starch synthesis in vitro may be a reflection of the more important role of the ADPG pathway in the system, and further work is needed to elucidate the interconnection of this new pathway with the presently investigated UDPG system. Another reason for the poor utilization of sucrose-C14 in starch synthesis in vitro may result fronm difficulties inherent in reconstituting such a system. As has been noted by Leloir et al. (14) the structural relation between the enzyme and polysaccharide in the starch synthetase reaction system is similar to the conditions existing in whole grains. The colloidal condition of the reaction system was not maintained, however, when the 2 enzymes were combined. This resulted in a heterogeneous mixture consisting mainly of the liquid phase. Therefore, the over-all mechanism of sucrose-starch conversion in vivo also may be more efficient than the results obtained in a test tube.
Leloir's group (14, 16) established that the molecular structure of polysaccharides synthesized by both glycogen and starch synthetase is the a-(1-4) glucosidic type, thus the enzyme is often called amylose synthetase (36 The important role of phosphorylase in starch synthesis cannot be neglected as has been discussed by Badenhuizen (5) and Porter (26) , and more work is needed to clarify its role in the starch formation in the developing rice grains.
Summary
Starch granules catalyzing starch synthesis were prepared from ripening rice grains. Starch synthesis was confirmed by both the enzymic assay for uridine diphosphate liberated during the transglucosylase reaction and glucose-Cl4 transfer to starch molecules from uridine diphosphate glucose-C14. Glucose-C'4 was incorporated into both the amylose and amylopectin fractions of the starch molecules.
A measurable amount of glucose-C14 was transferred from sucrose-C14 to starch in the presence of starch granules, sucrose synthetase and uridine diphosphate, indicating a possible operation in vivo of the reversal of sucrose synthesis to provide uridine diphosphate glucose. Glucose-C'4 was incorporated from sucrose into both the amylose and amylopectin fractions of the starch molecules in much the same ratio as that obtained from uridine (liphosphate glucose-C'4.
A crude enzyme preparation catalyzing sucrose synthesis was also found to have uridine diphosphate glucose pyrophosphorylase and uridine diphosphate phosphokinase activities, indicating the existence in rice grains of a mechanism for uridine diphosphate glucose formation from glucose-l-phosphate. The
